Purpose: Magnetic particle imaging (MPI) allows for imaging of the spatial distribution of magnetic nanoparticles (MNPs) in positive contrast, with high sensitivity, high spatial resolution, and high imaging speed. It is necessary to increase the signal-to-noise ratio to enhance the reliability of MPI. The purpose of this study was to investigate the effect of signal filtering on the image quality and quantitativity in projection-based MPI using phantoms. Materials and Methods: We fabricated two kinds of phantom (cylindrical tube phantom with a diameter of 6 mm and A-shaped phantom) and evaluated the effect of signal filtering in terms of root-mean-square (RMS) granularity and the correlation coefficient between iron concentrations of MNPs and average MPI values for four filter modes (THRU, BPF, BEF, and LPF). In the THRU mode, the signal input was output without passing through the filter. In the BPF mode, only the third-harmonic signal was passed using a band-pass filter (central frequency: 1200 Hz, band width: 1/3 octave). In the BEF mode, the first-harmonic signal was eliminated using a band-elimination filter (central frequency: 400 Hz, band width: 1/3 octave). In the LPF mode, only the signal with a frequency less than the third-harmonic frequency was passed using a low-pass filter (cut-off frequency: 1200 Hz, −24 ± 2 dB/octave). The RMS granularity was obtained by calculating standard deviations of the pixel values in the MPI image without MNPs, whereas average MPI values were obtained by drawing a circular region of interest with a diameter of 6 mm on the MPI image of the cylindrical tube phantom. Results: When using the filtered backprojection (FBP) method with a ramp filter for image reconstruction, the RMS granularity and correlation coefficient decreased in the order of THRU, BPF, BEF, and LPF. In the BPF mode, however, some artifacts were observed. When using the maximum likelihood-expectation maximization (ML-EM) algorithm with an iteration number of 15, the correlation coefficient decreased in the order of THRU, BPF, BEF, and LPF, whereas the RMS granularity did not largely depend on the filter mode and was significantly (p < 0.05) lower than that for the FBP method for all the filter modes. Conclusion: The BEF mode is adequate for the FBP method in projection-based MPI, whereas THRU is a best option in use of the ML-EM algorithm.
Introduction
In 2005, a new imaging method called magnetic particle imaging (MPI) was introduced [1] . MPI uses the nonlinear magnetization response of magnetic nanoparticles (MNPs) to an alternating magnetic field called the drive magnetic field (DMF) and allows for imaging of the spatial distribution of MNPs in positive contrast, with high sensitivity, high spatial resolution, and high imaging speed [1] . In MPI, spatial encoding is performed by saturating the MNPs over most of the imaged region except in the vicinity of a special position called the field-free point (FFP) [1] or field-free line (FFL) [2] using a static magnetic field called the selection magnetic field. When MNPs are exposed to the DMF, the spectrum of the magnetization response contains not only the excitation frequency but also higher harmonics owing to their nonlinear magnetization curve [1] . When MNPs are located within the FFP or FFL, odd-harmonic signals are observed. When they are located outside the FFP or FFL, odd-harmonic signals are attenuated and alternatively even-harmonic signals are increased. Based on these phenomena, the spatial distribution of MNPs can be imaged by moving the position of the FFP or FFL, while receiving odd-harmonic signals. Since the third-harmonic signal is the largest of the odd-harmonic signals except for the first-harmonic signal, it is commonly used for signal detection in MPI [3] .
Recently, we also developed an MPI scanner with an FFL-encoding scheme for small animal studies [3] [4] . To date, we have used our MPI system to image the spatial distribution of MNPs and to quantify the amount of MNPs and their temporal changes in various tissues and organs such as the tumor and lung in mice, and reported that MPI is a useful tool for preclinical studies [5] [6] [7] [8] .
In MPI, the small signal generated by the MNPs exposed to the DMF is detected using a receiving coil and then MPI images are reconstructed from the signals obtained. Therefore, it is important to secure the image quality and quantitativity of the resulting MPI images by increasing the signal-to-noise ratio.
A serious issue regarding signal detection in MPI is that the signal generated by MNPs is superimposed with the direct feed through interference of the excitation signal derived from the excitation coil generating the DMF, which directly couples with the receiving coil [9] [10]. Graeser et al. proposed the combined use of a band-stop filter and the cancellation technique using a gradiometer coil to improve the MPI image quality [10] . We developed a simple and practical me-thod for correcting the inhomogeneous sensitivity of a receiving coil together with the feed through interference using a blank scan [9] . By combining the filtering method adopted by Graeser et al. [10] and our method [9] , we would expect that the reliability of our MPI system can be further enhanced. In this study, we investigated the effect of signal filtering with various analog filter modes on the image quality and quantitativity of the MPI images obtained by our projection-based MPI system using phantom studies. Figure 1 shows a photograph of our MPI scanner, which is an extended version (second generation) of our previous MPI scanner [3] [4] . Figure 2 shows a block diagram for data acquisition and processing in our MPI system. The details of our MPI system are described in our previous papers [3] [4] . In brief, the FFL was generated by two opposing neodymium magnets. The gradient strength was 3.9 T/m in our second-generation MPI scanner. An excitation coil for generating the DMF and a receiving coil were placed between the two neodymium magnets.
Materials and Methods

Magnetic Particle Imaging System
AC power for generating the DMF was supplied by a programmable power supply (EC1000S, NF Co., Yokohama, Japan) and controlled with a sinusoidal wave generated using a digital function generator (DF1906, NF Co., Yokohama, Japan). The frequency and peak-to-peak strength of the DMF were taken as 400
Hz and 20 mT, respectively. The signal generated by MNPs was detected by a gradiometer-type receiving coil and transported to a multifunction filter (3611, NF Co., Yokohama, Japan) (highlighted in yellow in Figure 2 ). The signal was amplified by 20 dB (10 times) and filtered by this multifunction filter. Then, the third-harmonic signal was extracted using a lock-in amplifier (LI5640, NF Co., Yokohama, Japan). The output of the lock-in amplifier was converted to digital data by a personal computer (PC) with a data acquisition device with a universal serial bus port (USB-6212, National Instruments Co., TX, USA). The sampling duration and total sampling time were taken as 100 μs and 10 ms, respectively. In order to acquire projection data for image reconstruction, a sample (phantom) placed in the receiving coil was rotated over 180˚ at a sampling angle of 5˚ and translated from −16 to 16 mm in the x-direction at 1 mm intervals using an XYZ-axes rotary stage (HPS80-50X-M5, Sigma Koki Co., Tokyo, Japan), which was controlled using LabVIEW (National Instruments Co., TX, USA). Each set of projection data was transformed into 64 bins by linear interpolation and image reconstruction was performed using the filtered back-projection (FBP) method with a ramp filter [11] as a reconstruction filter or the maximum likelihood-expectation maximization (ML-EM) algorithm with an iteration number of 15 . The details of the FBP method and the ML-EM algorithm are described in our previous paper [3] . When using the FBP method or ML-EM algorithm for image reconstruction, preprocessing was not performed. In this study, we defined the MPI value as the pixel value of the MPI image reconstructed from the third-harmonic signals.
Magnetic Nanoparticles and Phantoms
We used Resovist® (Fujifilm RI Pharma Co., Tokyo, Japan) as the source of MNPs in this study. Resovist® is composed of MNPs (maghemite, γ-Fe 2 O 3 ) coated with carboxydextran and is an organ-specific contrast agent for magnetic resonance imaging (MRI). We prepared samples with iron concentrations of 0, 100, 250, and 500 mM Resovist® to investigate the relationship between the iron concentration of MNPs and the MPI value. It should be noted that because the molar mass of iron (Fe) is 55.8 g/mol, iron concentrations of 100, 250, and 500 mM correspond to 5.6, 14.0, and 27.9 mg Fe/mL, respectively. The adjustment of the iron concentration was performed with saline.
For phantom studies, we made two kinds of phantom as illustrated in Figure   3 ; one was a cylindrical polyethylene tube phantom (6 mm in inner diameter, 8 mm in outer diameter, 5 mm in length, and 100 μL in volume) filled with Resovist® having one of the above four iron concentrations (Figure 3 
Multifunction Filter
As previously described, the signal generated by MNPs was filtered using a multifunction filter (highlighted in yellow in Figure 2 ). In this study, we used the following four filter modes in the multifunction filter (3611, NF Co., Yokohama, Japan): THRU, BPF, BEF, and LPF. In the THRU mode, the signal input was output without passing through the filter. In the BPF mode, only the thirdharmonic signal was passed using a band-pass filter (central frequency: 1200 Hz, band width: 1/3 octave). In the BEF mode, the first-harmonic signal was eliminated using a band-elimination filter (central frequency: 400 Hz, band width: 1/3 octave) to suppress the feed through interference from the excitation coil. In the LPF mode, only the signal with a frequency less than the third-harmonic frequency was passed using a low-pass filter (cut-off frequency: 1200 Hz, gain: −24 ± 2 dB/octave). The pass band gain was taken as 20 dB (10 times) in all the filter modes. Figure 4 illustrates the frequency responses of the above four filter modes used in this study.
Data and Statistical Analyses
Unless specifically stated, data were expressed as the mean ± standard deviation (SD) for n = 3. In phantom studies, we calculated average MPI values by drawing a circular region of interest (ROI) with a diameter of 6 mm on MPI images of the cylindrical tube phantom. The correlation between the iron concentrations of MNPs and the average MPI values was analyzed by plotting linear regression lines and the correlation coefficients and regression equations were calculated.
We calculated the root-mean-square (RMS) granularity [12] using the MPI images without MNPs (0 mM) to evaluate the image quality. The RMS granularity was calculated by the following equation:
where MPI i and MPI m denote the MPI value at pixel i and the mean MPI value, respectively, and N is the total number of pixels. In this study, N was taken as 64 × 64. Figure 4 . Illustrations of the frequency responses in four filter modes (THRU, BPF, BEF, and LPF). In the THRU mode, the signal input was output without passing through the filter. In the BPF mode, only the third-harmonic signal was passed using a band-pass filter (central frequency: 1200 Hz, band width: 1/3 octave). In the BEF mode, the first-harmonic signal was eliminated using a band-elimination filter (central frequency: 400 Hz, band width: 1/3 octave). In the LPF mode, only the part of signal with a frequency less than the thirdharmonic frequency was passed using a low-pass filter (cut-off frequency: 1200 Hz, gain: −24 ± 2 dB/octave). (Table 1 and Table 2 ). When we analyzed the statistical significance in the average MPI value among the four filter modes using ANOVA, there were significant (p < 0.05) differences between THRU and BPF, between THRU Figure 5 . Relationship between the iron concentration of magnetic nanoparticles (MNPs) and the average MPI value for four filter modes (THRU, BPF, BEF, and LPF) (a) when the filtered back-projection (FBP) method with a ramp filter was used for image reconstruction and (b) when the maximum likelihood-expectation maximization (ML-EM) algorithm with an iteration number of 15 was used. Data are represented by the mean ± standard deviation (SD) for n = 3. The correlation coefficients and regression equations for (a) and (b) are summarized in Table 1 and Table 2 , respectively. Table 1 . Summary of the correlation coefficients and regression equations between the iron concentration of magnetic nanoparticles (MNPs) (x) and the average magnetic particle imaging (MPI) value (y) for four filter modes (THRU, BPF, BEF, and LPF). The filtered back-projection (FBP) method with a ramp filter was used for image reconstruction. Table 2 . Summary of the correlation coefficients and regression equations between the iron concentration of MNPs (x) and the average MPI value (y) for four filter modes (THRU, BPF, BEF, and LPF) were used. The maximum likelihood-expectation maximization (ML-EM) algorithm with an iteration number of 15 was used for image reconstruction. and BEF, between THRU and LPF, between BPF and LPF, and between BEF and LPF at an iron concentration of 100 mM in both cases ( Figure 5 ). There were significant (p < 0.05) differences between THRU and BEF, between THRU and LPF, between BPF and LPF, and between BEF and LPF at an iron concentration of 250 mM in both cases ( Figure 5 ). There were significant (p < 0.05) differences for all combinations of the filter modes at an iron concentration of 500 mM in both cases ( Figure 5 ). Figure 6 shows the RMS granularity for the four filter modes shown in Figure   4 . Figure 6 (a) and Figure 6 (b) are the RMS granularities for the FBP method and for the ML-EM algorithm, respectively. As shown by * in Figure 6 (a), there were significant (p < 0.05) differences between THRU and LPF and between BPF and LPF when analyzed by ANOVA. In contrast, there were no significant differences for any combinations of the four filter modes when using the ML-EM algorithm ( Figure 6(b) ). When we compared the RMS granularity values between the FBP method and ML-EM algorithm using the Student's t-test, the RMS granularity using the ML-EM algorithm was significantly (p < 0.05) lower than that using the FBP method for any of filter modes. Figure 7 shows the MPI images of a 6-mm-diameter cylindrical tube phantom filled with 500 mM Resovist® (Figure 3(a) ) for four filter modes (Figure 4) . The upper and lower rows show those reconstructed using the FBP method and ML-EM algorithm, respectively. As shown in Figure 7 , the MPI value decreased Figure 6 . Root-mean-square (RMS) granularity calculated from Equation (1) for four filter modes (THRU, BPF, BEF, and LPF) (a) when the FBP method was used for image reconstruction and (b) when the ML-EM algorithm was used. Bar and error bar represent the mean and SD for n = 3, respectively. *p < 0.05. Figure 7 . MPI images of a cylindrical tube phantom for four filter modes (THRU, BPF, BEF, and LPF). The upper and lower rows show images when the FBP method and the ML-EM algorithm were used for image reconstruction, respectively. Scale bar = 10 mm.
Results
in the order of THRU, BPF, BEF, and LPF in both cases. When using the BPF mode, some artifacts were observed in the MPI image reconstructed using the FBP method (shown by arrows in the upper row of Figure 7 ), whereas such artifacts were reduced in the MPI image reconstructed using the ML-EM algorithm (lower row). Figure 8 shows the MPI images of the A-shaped phantom filled with 500 mM Resovist® (Figure 3(b) ) for four filter modes (Figure 4) . The upper and lower rows show the MPI images reconstructed using the FBP method and ML-EM algorithm, respectively. As in Figure 7 , the MPI value decreased in the order of THRU, BPF, BEF, and LPF in both cases. Figure 9 (a) shows the horizontal profiles through the center of the MPI image of a 6-mm-diameter cylindrical tube phantom (Figure 3(a) ) reconstructed using the FBP method (upper row of Figure 7 ), whereas Figure 9 (b) shows the case when using the ML-EM algorithm (lower row of Figure 7 ). As shown Figure 8 . MPI images of an A-shaped phantom for four filter modes (THRU, BPF, BEF, and LPF). The upper and lower rows show images when the FBP method and the ML-EM algorithm were used for image reconstruction, respectively. Scale bar = 10 mm. Figure 9 . Horizontal profiles through the center of the MPI image of a cylindrical tube phantom (a) when the FBP method was used for image reconstruction and (b) when the ML-EM algorithm was used.
in Figure 9 , the MPI value at the peak of the profile decreased in the order of THRU, BPF, BEF, and LPF in both cases. When we calculated the full width at half maximum (FWHM) values from the profiles, they were approximately 7.0 mm and did not largely depend on the filter mode and reconstruction method.
Discussion
In our projection-based MPI system, spatial encoding is performed by rotating and translating a sample and receiving coil simultaneously, while fixing the FFL, and the third-harmonic signals received by a gradiometer coil are used as projection data for image reconstruction [3] [4] . As shown in Figure 5 , there were excellent linear correlations between the iron concentration of MNPs and the average MPI value and the correlation coefficients between them exceeded 0.996 in all cases (Table 1 and Table 2 ), indicating that the quantitativity of our MPI system is satisfactory. In our MPI system, however, signals with frequencies different from the third-harmonic frequency can become noise and lead to deterioration of the image quality. In particular, a signal with the same frequency as that of the DMF can interfere greatly with signal detection not only in our MPI system but also in others, and thus it is important to eliminate this interference in order to secure the reliability of MPI [9] [10]. Although our MPI system adopted a lock-in amplifier for extracting the third-harmonic signals as previously described, it was not sufficient for removing this interference completely [9] .
As pointed out by Graeser et al. [10] , when using the cancellation technique with a gradiometer, it is essential that the cancellation signal received by the gradiometer coil has the same phase and amplitude as the induced excitation signal.
To achieve this, however, is challenging. Although we also adopted the cancellation technique with a gradiometer coil for eliminating the direct feed through interference from an excitation coil, it was difficult to eliminate this interference completely using this approach alone [9] . Thus, in this study, we considered the combination of the lock-in amplifier, cancellation technique, and analog filtering method, and investigated the feasibility of this approach to improve the image quality in projection-based MPI using phantoms.
When using the FBP method for image reconstruction, the use of the THRU mode showed the largest RMS granularity (Figure 6(a) ), whereas the correlation coefficient between the iron concentration of MNPs and the average MPI value was the highest (Table 1) . Although the BPF mode showed almost the same results, some artifacts were observed in the MPI image (shown by arrows in the upper row of Figure 7 ), indicating that the use of BPF may deteriorate the distribution of the receiving coil sensitivity. When we eliminated the signal with a specific frequency using BEF or LPF, the RMS granularity decreased and the image quality was slightly improved (Figure 6 (a), Figure 7 , and Figure 8 ).
However, the correlation coefficient between the iron concentration of MNPs and the average MPI value slightly decreased. In the BEF mode, it appears that the RMS granularity is improved because the feed through interference from the DMF is reduced. As shown in Figure 5 (a), however, the average MPI value for the BEF mode was significantly (p < 0.05) lower than that for the THRU mode at any of iron concentrations of MNPs, which may lead to slight deterioration of the correlation between the iron concentration of MNPs and the average MPI value (Table 1 ). In the LPF mode, the RMS granularity was significantly (p < 0.05) lower than those for the THRU and BPF modes (Figure 6(a) ). This appears to be due to the reduction of the high-frequency components included in the signal. In contrast, however, the correlation coefficient between the iron concentration of MNPs and the average MPI value was the lowest (Table 1 ).
This appears to be mainly due to the attenuation of the third-harmonic signal, which is confirmed by the fact that the average MPI value for the LPF mode is the lowest at any of iron concentrations of MNPs ( Figure 5 (a) and Figure 9(a) ).
When the FBP method is used for image reconstruction in our projection-based MPI system, the BEF mode is recommended.
When the ML-EM algorithm is used for image reconstruction, there were no significant differences in the RMS granularity among all combinations of the four filter modes ( Figure 6(b) ). If we compared the RMS granularity values between the MPI images reconstructed using the FBP method ( Figure 6(a) ) and the ML-EM algorithm ( Figure 6(b) ), the RMS granularity for the ML-EM algorithm was always significantly (p < 0.05) lower than that for the FBP method for any of filter modes. The correlation between the iron concentration of MNPs and the average MPI value showed the same tendency as that for the FBP method ( Figure 5 , Table 1, and Table 2 ). When the ML-EM algorithm is used for image reconstruction in our projection-based MPI system, the THRU mode is recommended.
As shown in Figure 9 , the MPI values at the peaks of the profiles decreased in the order of THRU, BPF, BEF, and LPF for the FBP method and the ML-EM algorithm. To investigate the effect of signal filtering on the spatial resolution in MPI, we calculated the FWHM values from these profiles. As previously described, however, the FWHM values obtained in this study did not largely depend on the filter mode and reconstruction method. This appears to be mainly due to the diameter (6 mm) of the cylindrical tube phantom used in this study (Figure 3(a) ) being too large to evaluate the FWHM precisely. Thus, it would be necessary to use a tube phantom with a smaller diameter to precisely evaluate the effect of signal filtering on the spatial resolution in MPI.
As previously described, for the FBP method, we used a ramp filter [11] as a reconstruction filter, mainly to minimize the effect of the reconstruction filter on the reconstructed MPI image. A Shepp-Logan [13] or Chesler filter [14] , however, has generally been used instead of the ramp filter to suppress the high-frequency components included in the projection data. Thus, for the practical application of projection-based MPI, it will also be necessary to study effects of such reconstruction filters.
In this study, we took the iteration number of 15 for the ML-EM algorithm [3] [4]. It is known, however, that the image quality of a reconstructed image using the ML-EM algorithm depends on the iteration number [15] . Thus, it will also be necessary to study the dependency of the image quality and quantitativity of the MPI image on the iteration number. These studies are currently in progress.
Conclusion
In this study, we investigated the image quality and quantitativity of the MPI images reconstructed from the signals processed by various analog filter modes using the FBP method and ML-EM algorithm. Our results showed that the BEF mode is adequate for the FBP method in projection-based MPI, whereas THRU is a best option in use of the ML-EM algorithm.
